Activated carbon fiber (ACF) surfaces are modified using an electron beam under different aqueous solutions to improve the NO gas sensitivity of a gas sensor based on ACFs. The oxygen functional group on the ACF surface is changed, resulting in an increase of the number of non-carbonyl (-C-O-C-) groups from 32.5% for pristine ACFs to 39.53% and 41.75% for ACFs treated with hydrogen peroxide and potassium hydroxide solutions, respectively. We discover that the NO gas sensitivity of the gas sensor fabricated using the modified ACFs as an electrode material is increased, although the specific surface area of the ACFs is decreased because of the recovery of their crystal structure. This is attributed to the static electric interaction between NO gas and the non-carbonyl groups introduced onto the ACF surfaces.
Introduction
Nitrogen oxide (NO x ) is produced in various chemical production processes, metal plating processes, and internal combustion engines that operate on fossil fuels. In high concentrations, the gas stimulates the respiratory organ, which can induce coughing, pharyngalgia, dizziness, headaches, etc. Nitric oxide (NO) is the main gas that leads to the production of nitrogen oxide contaminants in the atmosphere. Therefore, the detection of NO gas in the atmosphere is important [1, 2] .
When used as electrode materials for gas sensors, carbon materials such as carbon nanotubes, graphene oxides, and activated carbon fibers (ACFs) have shown superior gas sensing ability at room temperature, whereas metal oxides can only be operated at high temperature (i.e., above 300°C) [3, 4] . Among these carbon materials, ACFs exhibit high sensitivity because of the presence of micropores, which can rapidly adsorb angstrom-sized gas molecules. In addition, a large amount of carbon materials can be placed on small-sized electrodes because of their lower density compared to that of metals. Finally, they are chemically resistant in various environments at room temperature.
The interaction between gas molecules and functional groups has also been actively studied as a key factor in the detection of gases. Various surface treatments to introduce specific functional groups onto electrode materials have been investigated. In the case of carbon materials, the developed surface treatments include acid/base, ozone, electrical, and fluorination treatments [5] [6] [7] [8] . However, these treatments are time-consuming and require additional supporting equipment.
Electron beam (E-beam) irradiation has been rapidly developed as a polymer processing technique [9, 10] . It is used for polymer modification, such as cross-linking, curing, and grafting, on the basis of the optical transparency of the system and because chemical/photo-for 3 h. Finally, a silver wire (Φ 0.1) was connected to the Pt electrode containing the samples using silver paste (Elcoat P-100, 10 -4 Ω cm Cans, Korea). The Si-wafer oxidation conditions were as follows: a Si-wafer was sonicated and washed sequentially with acetone, ethanol, and water for 30 min. The pre-treated Siwafer was heated at 900°C for 2 h under a nitrogen atmosphere to be covered with a SiO 2 film. The Pt sputtering conditions are as follows: prior to the Pt sputtering, Ti was sputtered onto the SiO 2 /Si wafer to prevent the Pt electrode from peeling forward. The SiO 2 /Si wafer was placed in a sputter-coater (DC magnetic sputtering; Hanbaek vacuum, Bucheon, Korea) chamber, which was subsequently evacuated to 3.5 × 10 -3 Pa. The target power was 250 mA and 415 V and the Ti sputtering was conducted for 20 s. After the Ti sputtering, Pt sputtering was performed at 20 mA and 485 V for 200 s under the same vacuum conditions as used for Ti sputtering [13] .
Characteristics
Structural changes in the ACFs after the E-beam irradiation were investigated using Raman spectroscopy (LabRam high resolution; Horiba Jobin-Yvon, Villeneuve-d'Ascq, France). The energy source was an Ar-ion laser (514.532 nm). Crystal structures of the samples were determined using X-ray diffraction (XRD; D8 DISCOVER, Bruker AXS, Karlsruhe, Germany). The XRD analyses were conducted in the range of 5°-60° using a Cu target. The textural characteristics of the prepared sample were assessed through N 2 adsorption at 77 K with a BELSORPmax surface area and porosimetry system (BEL Inc., Japan). Each sample was degassed at 150°C for 6 h before analysis. The specific surface areas and pore structure of the prepared ACFs were evaluated using the Brunauer-Emmett-Teller (BET) method. The pore size distribution was calculated by the HorvathKawazoe (HK) method from the nitrogen adsorption isotherm curves. The changes in the surface functional groups of the prepared ACFs were investigated using X-ray photoelectron spectroscopy (XPS; MultiLab 2000 spectrometer, Thermo Electron Corp., England); the instrument was equipped with an Al K α (1485.6 eV) X-ray source that was operated at an anode voltage of 14.9 keV, a filament current of 4.6 A, and an emission current of 20 mA.
Evaluation of gas sensing ability
The prepared ACFs were evaluated as electrode materials for gas sensors. The gas sensing tests were performed using a programmable electrometer (Keithley 6514), which provides an electrical resistance according to the reaction between electrode materials and gas molecules. This measurement was conducted in a stainless steel chamber with a volume of 1500 cm 3 . The chamber was connected to separate gas cylinders containing NO and N 2 . The prepared gas sensor was placed in a sealed chamber. Initially, N 2 gas was flowed into the chamber to stabilize the electrical resistance of the gas sensor; 1000 ppm NO gas was then flowed into the chamber. The N 2 gas was used as the carrier gas for further control of the gas concentrations. A mixture of the two gases was then prepared with 100 ppm NO in the chamber. The total flow rate of the gases was 500 sccm, which was fixed in all cases. chemical initiator is not required [11] . E-beam-triggered polymerization occurs rapidly and is accompanied by the generation of free-radicals, similar to other polymerization methods. The molecular weight of the resulting polymer rapidly increases when free-radical termination is minimized [12] .
In this study, the functional groups on the ACFs were modified by E-beam irradiation under aqueous solutions. The structural, textural, and chemical properties of the ACFs modified by E-beam irradiation were investigated. In addition, the electrochemical properties of the electrode material of the NO gas sensor were also evaluated. The results demonstrate that the E-beam irradiation can modify carbon material surfaces in an aqueous solution, and that the modified materials exhibit improved sensitivity to NO gas when used as gas sensor electrode materials.
Experimental

Materials
The pitch-based ACF (product name: A7) used in this study was obtained from Osaka Gas Co., Ltd., Japan. The chemicals used to modify the ACF surfaces were hydrogen peroxide solution (H 2 O 2 , 34.5%) and potassium hydroxide solution (KOH, 4 M), which were purchased from SAMCHUN Chemical, Co., Ltd., Pyeongtaek, Korea. N,N-Dimethylformamide (DMF) was used as a dispersion agent for gas-sensor electrode materials.
ACF surface modification by E-beam irradiation
Samples of the ACFs (1 g) were immersed deeply in 50 mL of H 2 O 2 or KOH solution, for 15 h. These chemicals were used as solutions representing an acid and a base, respectively. The ACFs were transferred to tempered glass schales after sufficient wetting with the chemicals. The schales containing the ACFs were covered with a transparent lid and placed on a conveyor passing under the E-beam accelerator. The transport speed of the conveyor was 4 m/min. The E-beam accelerator generated an electron energy of 1.14 MeV under an accelerating current of 15.7 mA. In addition, the absorbed dose was controlled to 50 kGy per turn; the total absorbed dose was 100 kGy. The E-beam irradiation was performed at room temperature. The sample was named according to the chemical solution used and the E-beam absorbed dose. Pristine ACFs were referred to as A7. The ACFs irradiated with the E-beam under hydrogen peroxide solution were referred to as A7-H100. The ACFs irradiated with the Ebeam under KOH solution were referred to as A7-K100. All of the prepared samples were used as electrode materials in a gas sensor.
Fabrication of the gas sensor
The prepared samples (0.01 g) were dispersed in DMF (1 g) and then sonicated for 10 min to uniformly disperse the samples in the DMF. The dispersion solution (5 μL) was dropped onto an Si wafer, which was oxidized and sputtered with Pt, using a micro-pipette (Transferpette ® electronic pipette; BrandTech Scientific Inc., Essex, CT, USA) and then dried at room temperature http://carbonlett.org lution type. The restoration of the sp 2 domains by E-beam irradiation suggests a decrease in the number of edges, which act as pores in the ACFs. XRD patterns in Fig. 1b supported the recovery of crystallinity, showing an increase of peak intensity at approximately 26°, which indicates the (0 0 2) crystal plane of carbon materials. Another carbon material peak at 43° was not changed by E-beam irradiation. Therefore, we examined the pore structures of the E-beam-irradiated ACFs, as described in the next section.
Textural properties
The pore structure of the ACFs treated with the E-beam and chemically was investigated by a N 2 adsorption-desorption analysis at 77 K. The isotherm curves of the modified ACFs are shown in Fig. 2a . All the samples exhibited a sharp increase in the quantity adsorbed below 0.01 P/P 0 , with no further increase of the quantity adsorbed above 0.01 P/P 0 . Therefore, all adsorption isotherm curves are classified as type I according to the International Union of Pure and Applied Chemistry (IUPAC) classification and indicate the existence of micropores in the samples [19] . As shown in Table  2 , the BET specific surface area (S BET ) and total pore volume (V t ) of the modified ACFs dramatically decreased in both solutions. The S BET of A7 was determined to be 659 m 2 g -1 with a V t of 0.263 mL g -1 ; by contrast the S BET and V t of the ACFs irradiated with the E-beam in hydrogen peroxide solution were 460 m 2 g -1 and 0.191 mL g -1 and those of the ACFs irradiated in potassium hydroxide solution were 480 m 2 g -1 and 0.197 mL g -1 , respectively. The pore size distribution curves of the treated ACFs were calculated by the HK method from the adsorption branch, as shown in Fig. 2b . The results indicated that the E-beam irradiation of ACFs in the solution collapsed the micropores, although the pore size of the ACFs slightly increased from 6.1 Å to 6.4-6.7 Å. E-beam irradiation in aqueous solutions is known to generate various ions and molecules, including •OH, •H, e -aq , H 2 , H 2 O 2 , and H 3 O + because of the radiolysis of water. Among these species, hydrated electrons (e -aq ) can reduce the specific target [20] . The hydrogen peroxide solution includes more possible hydrated electrons The gas sensing tests were conducted at room temperature. To ensure accurate observation, the NO gas was injected into the chamber for 10 min after the electrical resistance was allowed to stabilize for 30 min.
Results and Discussion
Structural properties
The structural properties of the ACFs irradiated with the Ebeam in hydrogen peroxide and potassium solutions were investigated by Raman analysis. Raman analysis is a valuable tool to characterize the electronic structure of carbon materials; it is particularly useful for determining ordered and disordered crystal structures in graphene layers [14] [15] [16] . The Raman spectra of ACFs generally show two prominent D and G bands. The G band originates from an in-phase vibration of the E 2g mode of the sp 2 carbon domains, whereas the D band is induced by the disordered crystal structure with symmetry breaking or edges of graphene [15, 17] . The Raman spectra of the modified ACFs are shown in Fig. 1a . All the G bands of the E-beam-irradiated ACFs were red-shifted from 1584 cm -1 , indicating that the sp 2 domains were repaired by E-beam irradiation [18] . In addition, the intensity of the D band was substantially decreased. These two effects resulted in a decrease of the relative intensity ratio between the D and G bands (I D /I G ), as shown in Table 1 . The I D /I G decreased from 1.14 for A7 to 1.09 and 1.08 for A7-H100 and A7-K100, respectively. The magnitude of the decreases was similar in the two solutions, indicating that the structural properties of ACFs could be changed by E-beam irradiation irrespective of the so- (1) where F(E) is the intensity at energy E, H is the peak height, E 0 is the peak center, FWHM is the full-width at half-maximum, and S is a shape function related to both the symmetry and Gaussian-Lorentzian mixing ratio. The results of the deconvolution are shown in Fig. 3b-d and listed in Table 4 . These peaks represent the quinone, phenolic, non-carbonyl, and carboxyl group for O(1) -(4), respectively [23, 24] . Among them, the phenolic and carboxyl groups are only active as anionic species in an environment of adequate basicity, mainly at the basal plane [25] . The quinone group shows strong electrochemical properties in the presence of mesocompared to the potassium hydroxide solution. Therefore, the crystal structure of the E-beam-irradiated ACFs in hydrogen peroxide solution (A7-H100) was reduced to a greater extent, which is consistent with the aforementioned Raman analysis results, resulting in a greater decrease of the S BET compared to that in the case of A7-K100.
Effects of E-beam on the chemical composition of ACFs in different solutions
An XPS elemental analysis was performed to examine changes in the chemical composition of the ACFs. The XPS spectra of the modified ACFs over a wide binding energy range of approximately ~100-700 eV are shown in Fig. 3a . The peaks at 284.5 eV and 532.8 eV correspond to the C1s and O1s signals, respectively [21] . The O1s peak increased in intensity after E-beam irradiation in an aqueous solution, as shown in Table 3 . This demonstrates that E-beam irradiation can be used as a new treatment for carbon material surfaces. The fitting of the O1s peak was resolved into four components centered at 531.2, 532.4, 533.5, and 534.7 eV (several pseudo-Voigt functions [sums of the Gaussian and Lorentzian functions]) using a peak analysis program (Unipress Co., Tampa, FL, USA). The pseudo-Voigt function is given by the following eq 1 [22] : BET specific surface area calculated from the linear part of the BET plot.
b)
The total pore volume was taken from the volume of nitrogen adsorbed at about P/P0 = 0.99.
c)
The micropore volume was estimated by the t-plot.
Vt -Vmicro.
e)
The average micropore diameter was estimated by the t-plot method. http://carbonlett.org to affect the electrochemical properties of the corresponding ACF-based gas sensor, as discussed in section 3.4.
NO gas sensing
The electrochemical properties of the modified ACFs, which exhibit differences in their surface oxygen functional groups, were estimated on the basis of their performance as electrode materials in gas sensors used to detect NO gas. The sensitivity of the gas sensors was calculated using the followpores [26] . The number of non-carbonyl (-C-O-C-) groups in lactone was meaningfully changed on the ACF surfaces. In addition, for A7-K100, the concentration of -C-O-C-group only increased in contrast with decreases in the other oxygen group concentrations, as shown in Table 4 . It can be considered that potassium cations (K + ) that were generated after E-beam irradiation can react with oxygen functional groups, such as O=C, HO-C, and HOOC-. They then changed into -C-O-C-groups on the carbon surfaces. These differences in the chemical composition of the modified ACFs were expected micropores [28] . However, the A7-H100 and A7-K100 based gas sensors displayed higher sensitivities of approximately 11% and 12%, respectively, although they had lower S BET values. These results are consistent with the changes in the oxygen functional groups and non-carbonyl (-C-O-C-) groups. The non-carbonyl groups can more positively charge the carbon material through interactions between the -C-O-C-groups and NO gas, as shown in Fig. 5 . An increase of hole carriers reduces the resistance, which induces an increase in NO gas sensitivity.
Conclusions
ACFs were treated with an E-beam under different aqueous solutions. The E-beam irradiation modified the structural properties of the ACFs, which exhibited a decrease in I D /I G values from 1.14 for the raw ACFs to 1.09 and 1.08 for ACFs treated with hydrogen peroxide and potassium hydroxide solutions, respectively. This change contributed to the generation of hydrated electrons according to the radiolysis of the used chemicals. The improvement in crystallinity led to a decrease of the specific surface area of ACFs. However, the NO gas sensitivity of the gas sensor fabricated using E-beam-irradiated ACFs increased to 11%-12%. This increase in sensitivity was induced by the change in the oxygen functional groups of the ACF surfaces under E-beam irradiation in an aqueous solution. In particular, the non-carbonyl (-C-O-C-) groups interacted with NO gas and increased the number of hole carriers, which enhanced the NO gas sensitivity of the ACFs-based gas sensor.
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ing equation [1, 27] : (2) where R N 2 and R NO are the resistance values measured upon exposure to N 2 gas and NO gas, respectively. The gas sensing results are shown in Fig. 4 . NO gas was injected at 0 min to the prepared gas sensor in the chamber. The NO gas flow was then stopped after 10 min. All of the prepared gas sensors showed a decrease in resistance in the presence of NO gas because carbon materials are p-type semiconductors with hole carriers, and NO gas is an oxidizing gas that transports electrons from other materials [13] . A gas sensor based on the A7 sample exhibited approximately 8% sensitivity for NO gas. In general, the sensitivity of the gas sensors based on carbon materials depends on S BET, particularly 
